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ABSTRACT 

We present the results of optical spectroscopy of two flux-density-limited samples of 
radio sources selected at frequencies of 38 and 151 MHz in the same region around the 
North Ecliptic Cap, the 8C-NEC and 7C-III samples respectively. Both samples are se- 
lected at flux density levels » 20 times fainter than samples based on the 3C catalogue. 
They are amongst the first low-frequency selected samples with no spectral or angular 
size selection for which almost complete rcdshift information has been obtained, and 
contain many of the lowest-luminosity z > 2 radio galaxies so far discovered. They will 
therefore provide a valuable resource for understanding the cosmic evolution of radio 
sources and their hosts and environments. The 151-MHz 7C-III sample is selected to 
have 5*151 > 0.5Jy and is the more spectroscopically complete; out of 54 radio sources 
fairly reliable redshifts have been obtained for 44 objects. The 8C sample has a flux 
limit of 5*38 > l-3Jy and contains 58 sources of which 46 have fairly reliable redshifts. 
We discuss possible biases in the observed redshift distribution, and some interesting 
individual objects, including a number of cases of probable gravitational lensing. Us- 
ing the 8C-NEC and 7C-III samples in conjunction, we form the first sample selected 
on low-frequency flux in the rest-frame of the source, rather than the usual selection 
on flux density in the observed frame. This allows us to remove the bias associated 
with an increasing rest-frame selection frequency with redshift. We investigate the 
difference this selection makes to correlations of radio source properties with redshift 
and luminosity by comparing the results from traditional flux-density selection with 
our new method. We show in particular that flux-density-based selection leads to an 
overestimate of the steepness of the correlation of radio source size with redshift. 

Key words: galaxies: active - galaxies: evolution - radio continuum: galaxies - grav- 
itational lensing 



1 INTRODUCTION 

Spectroscopic surveys of radio sources at flux density levels 
much lower than those of the 3C catalogue and its various re- 
visions (e.g. Laing, Riley & Longair 1983, hereafter LRL) are 
essential to provide coverage of the redshift-radio luminos- 
ity plane. Such coverage is required to establish the cosmic 
evolution of these sources both in number density and phys- 
ical properties such as size and structure. Over the past two 
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decades, several flux-limited samples selected at low radio 
frequency (and hence directly comparable with LRL in be- 
ing selected primarily on the basis of unbeamed steep spec- 
trum radio lobe emission) have been defined and imaged in 
the radio and optical. Only recently, however, have redshifts 
have been obtained for a significant fraction of the radio 
sources. This paper describes spectroscopic observations of 
the 38-MHz 8C North Ecliptic Cap (NEC) sample of Lacy, 
Rawlings & Warner (1992; hereafter Paper I) and Lacy et al. 
1993, 1999a (hereafter Papers II and III respectively), and 
the closely-related 7C-III sample. This latter sample was se- 
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lected at a frequency of 151 MHz using the 7C survey data of 
Lacy et al. (1995) with a flux limit chosen to maximise over- 
lap with the 8C sample. This sample is defined in Section 2, 
and will be described in more detail in a future paper (Lacy 
et al. 1999b). A further paper will discuss spectroscopy of the 
6C sample of Eales (1985), and details of the 7C-I and 7C-n 
samples are presented in Willott (1998, and papers in prepa- 
ration). The properties of these samples are summarised in 
Table 1, and the coverage of the radio- luminosity - redshift 
plane is illustrated in, e.g. fig. 1 of Blundell, Rawlings & 
Willott (1999). 

Samples such as these are very valuable for studying the 
cosmic evolution of the radio source population, in particu- 
lar the question of the evolution of source size, D, with red- 
shift. As redshift and radio luminosity are always strongly 
correlated within any flux- limited sample, partial correlation 
coefficients need to be calculated to investigate whether the 
true correlation is with redshift or luminosity. Studies based 
on low-frequency selected samples typically show a weak cor- 
relation with redshift only, parameterised as D oc (1 + z)~ v 
where i)« 1.7- 1.9 (e.g. the 6C sample, Eales 1985; Neeser 
et al. 1995, and the 7C-I and 7C-II samples; Blundell, Rawl- 
ings & Willott 1999), although samples selected at higher 
frequencies seem to have stronger dependences, with r\ ~ 3 
(Oort, Katgert & Windhorst 1987; Kapahi 1989) combined 
with a radio luminosity dependence D oc U with e w 0.3. 

In Paper II we performed a partial rank correlation 
on the 8C-NEC sample using photometric redshifts. This 
showed that the fundamental correlation was between size 
and redshift, but having only redshifts based on i?-band 
magnitudes we were forced to only consider z < 1.1 objects 
and to accept the uncertainties associated with photomet- 
ric redshifts. We also investigated the four-way correlation 
coefficients of redshift, luminosity, size and spectral index, 
finding that spectral index at 2GHz in the rest frame was 
most strongly correlated with redshift, and any correlation 
with luminosity was weak. Since then, independent work 
on the 6C, 7C-I and 7C-n surveys has been carried out by 
Blundell et al. (1999) with results that are broadly consis- 
tent with the Neeser et al. result and the results of Paper 
II. They find, however, a significant correlation of spectral 
index with luminosity at a rest-frame frequency of 1 GHz, 
although a correlation with redshift is seen at higher fre- 
quencies. In this paper we use the redshifts for the 7C-III 
and 8C-NEC samples to study the size-redshift relation fur- 
ther. 

We assume Ho = 50kms Mpc and an Einstein - de 
Sitter (f^M = 1, = 0) cosmology unless otherwise stated. 
Positions are all epoch B1950.0. Spectral indices, both radio 
and optical are defined in the sense that S v cx v~ a . 



2 SAMPLE DEFINITIONS AND THE 
SPECTROSCOPIC SUB-SAMPLES 

The 8C-NEC sample has been formally defined in Paper I, 
and some refinements described in Paper III. It consists of 
all radio sources with 38-MHz flux densities Sss > 1.3 Jy 
within 3° of 18 h 00 m +66° in the survey of Rees (1990). The 
7C-III sample consists of all 7C objects from the mini-survey 
of Lacy et al. (1995) with 151-MHz flux densities S151 > 0.5 
Jy, again within 3° of 18 h 00 m +66°. The flux density Unl- 



iable 1. Complete, flux-density limited radio source samples 
at low radio frequency selected from the Cambridge surveys for 
which optical spectra have been obtained 



Name 


Selection criteria 


6C 


2 < 5i5i < 4 Jy, 




8 hr 20 m < R.A. < 13 hr 01 m , 34° < Dec. < 40° 


7C-I 


Sl6i > 0.5 Jy in the 5C6 field 


7C-H 


SlBi > 0.5 Jy in the 5C7 field 


7C-IH 


54 sources with S151 > 0.5 Jy within 3° of the NEC 




[for maximum overlap with the 8C NEC sample] 


8C-NEC 


58 sources with S 38 > 1.3 Jy within 3° of the NEC 



its are deliberately chosen to maximise the overlap of the 
two samples, thus most sources are common to both sam- 
ples. The 7C-III sample will be more fully described in Lacy 
et al. 1999b, but the positions and radio properties of the 
objects which are present only in the 7C-III sample (and 
which therefore have not appeared in Papers I-III) are pre- 
sented in Table 2, for completeness. A number of objects 
have been excluded from the samples on the basis of confu- 
sion by bright nearby sources. 7C 1732+6715 (8C 1732+672) 
has a very bright radio source nearby and has been tem- 
porarily removed from the sample pending an improved ra- 
dio image. 7C 1821+6442 (8C 1821+646) has a star on top 
of the ID position (R.G. McMahon, personal communica- 
tion). 7C 1827+6517 (8C 1827+652) has been excluded as 
there is a very bright star nearby. This has reduced the to- 
tal number of objects in the 7C-m sample from 57 to 54 
and for the 8C-NEC sample from 61 to 58. As these objects 
were removed for reasons unconnected with their intrinsic 
radio or optical properties their omission should not affect 
the sample statistics. Apart from these, all objects in the 
7C-IH sample have spectroscopic data. In the 8C-NEC sam- 
ple, there are three objects for which spectra are yet to be 
obtained. 



3 SPECTROSCOPIC OBSERVATIONS 

Most of the objects in both the 8C-NEC and 7C-III North 
Ecliptic Cap samples were observed with the ISIS spectro- 
graph on the William Herschel Telescope (WHT). Most ob- 
servations were made on the nights of 1995 July 28 to 31, 
though observations of a few objects were made by on the 
nights of 1993 August 20-21 and 1993 June 18-19. Observa- 
tions of brighter objects in the sample were made with the 
IGI on the McDonald Observatory 107 telescope on the 
nights of 1993 July 27-28. Two objects were observed using 
the Kast spectrograph on the Shane 3-m telescope at the 
Lick Observatory. Details of the observations are given in 
Tables 3 and 5. 

In most cases, a long spectroscopic slit was centred on 
the optical identification and aligned with the radio axis, 
offsetting from a nearby star (positions of offset stars are 
available from ML). In a few cases there was no identification 
on optical or infrared images, in which case the spectrum was 
taken blind, with the slit aligned along the radio axis. 

The ISIS observations were made using both arms and 
a dichroic at either 540nm (in 1993) or 570nm (in 1995). In 
1993 June and August the red and blue arm detectors were 
an EEV5 CCD and a TEK CCD respectively, in 1995 July 



© 0000 RAS, MNRAS 000, 000-000 



Spectroscopy of two overlapping samples of radio sources 3 



Table 2. Objects in the 7C-III sample which are not in the 8C-NEC sample 



Name 


$151 

/Jy 


R.A. (1950) 


Dec. (1950) 


151 


R 


Radio 
size/ 


Radio 
PA 


Notes 


7C1731+6641 


0.52 


17 31 43.57 


+66 40 59.3 


0.40 


21.4 


1.0 


164 




7C1740+6640 


0.54 


17 40 42.80 


+66 40 07.2 


0.37 


24.8 


<0.5 




see Section 4.3 


7C1745+6624 


0.51 


17 45 57.20 


+66 24 18.5 


0.49 




<0.5 




see Section 4.3 


7C1748+6657 


1.15 


17 48 17.57 


+66 57 15.8 


<-0.26 


22.4 


0.3 


90 




7C1807+6719 


0.71 


18 07 19.56 


+67 19 11.6 


0.25 


>23 


1.9 


47 




7C1812+6814 


0.59 


18 12 15.65 


+68 14 06.5 


0.51 


>23 


22.0 


123 




7C1820+6657 


0.83 


18 20 40.21 


+66 57 12.1 


<-0.03 


>23 


<0.5 







Note: positions are those of the optical/IR identification except for 7C1812+6814 where the identification is only seen in the spectrum 
and 7C1820+6657 which is unidentified optically apart from a very faint emission line in the spectrum. In these cases the radio position 
has been quoted (this is the mid-point of the hotspots in the case of 7C1812+6814). 



both detectors were TEK CCDs. The TEK CCD suffers from 
fringing at the red end of the red arm, but was preferred to 
the EEV5 in 1995 because of its higher quantum efficiency. 
In practice, it proved possible to remove the fringing effec- 
tively by taking tungsten lamp flats immediately following 
each observation, before moving the telescope. 

The IGI observations were made as described in Paper 
II. The Kast observations were made with both red and blue 
arms, the beam being split by a dichroic at 550 nm. Reticon 
CCDs were used as detectors in both arms and 452 and 300 
lmrn -1 gratings were employed in the blue and red arms 
respectively. 

Data reduction of the WHT, 107 and Lick data fol- 
lowed the standard procedure of bias subtraction, division 
by a Hatfield, wavelength calibration using arc lamp spec- 
tra (CuAr and CuNe for the WHT data, Cd for the 107" 
data and CdHeHg and NeAr for the Lick data) and flux 
calibration using spectrophotometric standard stars. 

Errors in the spectrophotometry are expected to be « 
15 per cent; errors in the wavelengths of the bright spectral 
features are not expected to be larger than 0.2 nm in the 
WHT and Lick data and 0.3 nm in the McDonald data. 

3.1 The 7C-III spectra 

In Fig. 1 we present the spectra of the objects in the 7C-III 
sample with the main spectral features labelled. The WHT 
spectra in the figure have been smoothed with a 1.5 nm 
box-car filter, and the McDonald and Lick spectra by a 1.2 
nm one. If features appear in only one arm of the WHT 
spectrum, the other has not been shown. All spectra for ob- 
jects in the spectroscopic sub-sample are shown except for 
those already published in Paper II, or Lacy et al. (1999c; 
hereafter LRWLR) , those for which spectra have been pub- 
lished by Kollgaard et al. (1995; hereafter K95) and those 
for which there are no spectral features visible. These are 
shown separately in Fig. 2. Derived redshifts and emission 
line properties (flux, equivalent width and velocity width) 
are listed in Table 4. The emission line properties are de- 
rived from Gaussian fits to the data. 

3.2 Spectra of objects in the 8C-NEC sample only 

We have also obtained data on some objects in the origi- 
nal 8C-NEC sample of Paper I which were just below the 
Sisi = 0.5Jy flux density cutoff of the 7C-III sample. The 
observations are listed in Table 5 and the redshifts and other 



emission line properties in Table 6, with the whole sample 
listed for completeness. The spectra are shown in Fig. 6, 
smoothed as in Fig. 1 except for 8C 1758+676 which ap- 
pears to be a faint quasar, and to which a smoothing of 4 
nm has been applied to bring out the broad lines. 



4 RESULTS 

4.1 Reliability of the redshifts 

The redshifts in Tables 4 and 6 come from spectra in which 
the signaknoise and number of spectral features used to 
estimate the redshift varied widely. Those which we con- 
sider "firm" are based on more than one strong spectral fea- 
ture (emission or absorption lines or 4000 A break), and are 
graded a. Those with either one strong spectral feature and 
one or more low signaknoise ones, or with two or more low 
signaknoise features are graded /3. Those based on a single 
spectral feature (for emission lines we usually assume to be 
Lya if it appears in the blue arm spectrum or [On]372.7 if 
it appears in the red) , or two very weak features are graded 
7, and should be considered unreliable until further data are 
obtained. 

For some objects we have only been able to place an 
upper bound on the redshift by detecting continuum in the 
blue arm spectrum. Due to the low transmissivity of Lyman 
limit systems we can be fairly sure that if, for example, we 
see continuum to the atmospheric cutoff (340 nm) then the 
redshift of the radio source is < 340/91.2 - 1 = 2.7 

4.2 Possible biases in the redshift distribution 

There are a number of observational problems which could 
lead to biases in the measured redshift distribution of ob- 
jects. The most serious bias probably comes from the diffi- 
culty of measuring redshifts for objects with 1.2 < z < 1.8, 
where [Oll]372.7 moves out of the red arm spectrum, but 
before Lya moves into the observable part of the blue. This 
is borne out by inspection of the redshift distribution which 
seems deficient in objects with 1.2 < z < 1.8 compared to 
the predictions of the Dunlop & Peacock (1990) models (Fig. 
3). Measurement of redshifts in this range depends on fainter 
features, typically Mgn 279.8 and Cm] 190.9; consequently it 
is likely that many of the objects with no measured redshift 
lie in this range. The radio luminosity function derived from 
the 7C redshift surveys will be discussed in a future paper 
(Willott et al. 1999). 
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Table 3. Log of new spectroscopy of the 7C-III radio sources 



7C 


Name 


Observing datc(s) 


Telescope 


wavelength rangc(s) 


integration 


slit width 


slit PA 


airmass 














fltYk^l C 1 / COP 
Lllllt_-l t> 1 / £>t_-l„ 


/ ^ r^^f^rvi vi / 1 q 

/ Oil L,OtL-H_>llU.& 






7C 


1 y?1 +fifi41 

1 1 O 1 |^ UUtI 


31 /07 /95 

O 1 j U 1 I -Jxi 


WHT 


330 - 


850 rim 

OOU 11111 


500R 650R 


3 


164 


1.27 


7C 


1 732+671 5 


28/07/95 

iiO / U I / fU 


WHT 


330 - 


8^0 nrn 

OOU 11111 


300 


2 


200 


1.29 


7C 




9Q /07/Q c i 


WHT 


oou - 


oou inn 


1800 




15 


1.32 


7C 


1 740-Ufifvd.O 


9Q /07 /Q 1 ^ 


WHT 


330 - 


850 nm 


1800 


3 


113 


1.55 






31/07/95 


WHT 


330 - 


850 nm 


1800 


3 


20 


1.34 


7C 


1741+6704 


20/08/93 


WHT 


oou - 


OOU illll 


1800B, 1700R 


3 


56 


1.44 


7P 


1 749-Ufi^Afi 


oq /07 /qc; 
zo/ u i / yo 


WTTT 
vv n r 


oou - 


8^0 nm 

oou nm 


1 800 
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O 
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QO 
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330 - 
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1 800 
lOUU 


Q 
O 


88 

oo 


1 25 


7C 
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30/07/95 


WHT 
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850 nm 
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3 


10 


1.47 


7C 


1745+6415 
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WHT 
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8^0 nm 
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3 
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1.24 


7C 
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8^0 nm 
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1980R 1 ^OR 
liouri, iooud 


3 


35 


1.23 


7C 
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^y/ui / y O 
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8^0 nm 
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3 
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1.65 


7C 


1 748-4-fi70^ 


ou / u i / y o 


WHT 
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850 nm 


1800 


3 


90 
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7P 
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850 nm 
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Q 
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7C 


1748+6731 
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WHT 
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7C 
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WHT 
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3 


31 
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7C 
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3 
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7C 
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330 - 


850 nm 
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3 


52 
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7C 
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7C 
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3 


91 
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7C 
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3 
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3 
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2 
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7C 
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3 
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7C 
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7C 
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Figure 1. Spectra of objects in the 7C-III sample. The thick black bars on some of the plots show the wavelength region where the 
dichroic transmission was << 1 on the crossover from the red to blue arms. This region is noisy and sensitive to inaccuracies in the 
calibration. 



Another possible source of bias is the existence of ob- 
jects with anomalously low Lya emission (e.g. van Ojik et 
al. 1994, Dey et al. 1995). So far, all examples of these have 
fairly strong high ionisation lines, but this may simply be a 
selection effect, as objects without these would be very hard 
to obtain redshifts for. If Lya extinction is common, then 
many of the objects without redshifts and without contin- 
uum emission in the blue arm could be very distant. 

Finally, it has recently become apparent that many of 
the highest redshift radio sources are amplified by gravita- 
tional lensing effects. For example two well-studied z > 4 



radio galaxies have foreground galaxies within a few arc- 
seconds of the line of sight (Lacy et al. 1994; Rawlings et 
al. 1996), and significant overdensities of foreground galax- 
ies have been found in the fields of high redshift 3C radio 
sources (Bem'tez et al. 1997). Misidentification of the radio 
galaxy with a lensing object could lead to a substantial un- 
derestimate of the radio source redshift. Accurate astrome- 
try is the best safeguard against this, but also lensing galax- 
ies are unlikely to have the high equivalent width emission 
lines frequently found in radio galaxies. We therefore feel 
that this is probably not important for our sample, where 
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Figure 1. continued 



nearly all the z > 1 objects with established redshifts have 
spectra characteristic of active galaxies. We note, however, 
several cases in which a low redshift galaxy lies close enough 
to the radio structures to be mistaken for the identification, 
but which we found through imaging or spectroscopy were 
foreground objects. Some probable lensing events are dis- 
cussed in Section 7. 



4.3 Notes on individual objects 

7C 1740+6640 

This radio galaxy was observed in i?-band through the Aux- 
iliary Port of the WHT on 1995 July 30 (Fig. 4). The air- 
mass was 1.8, and the seeing 0.8-arcsec. The identification 
has R — 24.8 in a 3-arcsec diameter aperture. 



The Lya line seen in the spectrum of this object ap- 
pears to have a weak blueshifted component at z = 2.081, 
compared to z = 2.109 for the main Lya component. 
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Table 4. Results of spectroscopy of the 7C-III radio sources 
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Figure 1. continued. 



7C 1742+6346 



7C 1743+6344 



The redshift of this object is uncertain as both the [Nev] 
and [Oil] emission line candidates are in regions of high sky 
noise, so may not be real. No emission was detected from 
the region of the putative central component. A number of 
other objects were present along the slit (see image in Paper 
III). Galaxy 'a' has emission lines at z = 0.326, and may be 
a member of the nearby cluster A2280 whose cD galaxy is 
4.5 arcmin distant and has z = 0.330 (Paper II). Galaxy 
'b' has a single emission line consistent with [On]372.7 at 
z = 0.457. 



The identification of this object in Paper II is about 4-arcsec 
due north of the mid-point of the radio hotspots. In our spec- 
trum emission lines at z = 0.324 and very faint continuum 
are seen close to the mid-point of the radio hotspots, and the 
original candidate identification also appears to have [On] 
emission at the same redshift. Whichever of these two ob- 
jects is the correct identification, this radio source is very 
unusual in having such an apparently subluminous optical 
counterpart. The redshift is consistent with the radio source 
being a member of the A2280 cluster, whose cD galaxy is 
nearby (Paper II). 
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Figure 1. continued. 
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Figure 2. Featureless spectra, displayed as in Fig. 1 





mm 



Li- 



Figure 4. J?-band image of 7C1740+6640. The image is 20 arcsec 
square, and the position of the identification is marked. North is 
to the top and east to the left. 



Figure 3. Redshift distribution of the 7C-III sample. The dis- 
tribution of grade a redshifts is shown as the solid histogram. j3 
redshifts are added in as dot-dash lines and 7 redshifts as dotted 
lines. The curves are the predictions of the Dunlop & Peacock 
(1990) models: the dotted lines are the free-form models and the 
solid line the luminosity-density evolution model. 



7C 1743+6431 

The original identification of this radio source in Paper II 
is probably incorrect. As discussed in Paper III, an object 
on the //-band image is coincident with the position of a 
tentative radio central component in Paper I. The //-band 
object is very faint in the optical and no emission lines are 
discernible in the WHT spectrum, although the detection of 
continuum down to 447nm allows us to constrain the red- 
shift to < 3.9. The photometric redshift obtained assuming 
H - K = 1 and the K - z relation of Eales et al. (1997) 
is ~ 1.7, consistent with no strong lines being seen in the 
spectrum and the very red R — K colour. The original iden- 
tification has a redshift of 0.364, and is close to the western 
hotspot. It may therefore be magnifying the hotspot through 
gravitational lensing effects. 



7C 1745+6624 

This object was also observed on the NASA Infrared Tele- 
scope Facility (IRTF) on 1998 February 15 for 30 min 
through the K filter (Fig. 5). The airmass was 1.7. An ob- 
ject is just detected at the 3 — a level 0.6 arcsec E and 1.1 
arcsec south of the position of the radio point source, with 
K ~ 20.8 in a 2-arcsec diameter aperture. 

Although only the Lya line is strongly detected in the 
spectrum, the faint K magnitude is consistent with the rel- 
atively high redshift of 3.01, as are marginal detections of 
Siiv 140.2 (unfortunately in the dichroic region) and Hell 
164.0, along with a possible continuum break across La. 



7C 1748+6703 

No emission is seen from a spectrum centred on the radio 
position of the assumed radio central component. In Paper 
III we discuss the detection of a galaxy ~ 2 arcsec north of 
this position, in addition to a very faint object coincident 
with the radio central component. The galaxy ps 10 arcsec 
east of the radio position has an emission line at 683.5 nm 
and a red continuum. If the emission line is [On] the redshift 
of this galaxy is 0.83. Both this galaxy and the galaxy to the 
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ible 4. Results of spectroscopy of the 7C-III radio sources 


continued 
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Notes: Lincwidths are only given for emission lines significantly broader than the instrumental width (ss 1500 kms -1 at 500 nm for the 
WHT data). Equivalent widths are only given where the continuum is detected at high signahnoisc. Asterisks by the names indicate 
members of the NEC* sample defined in Section 9. The redshift grades are a for a firm redshift, /3 for a less certain redshift and 7 for 
an uncertain one, as discussed in Section 4.1. A dash indicates that no redshift could be measured. 



north are probably close enough to the radio source to be 
magnifying it via gravitational lensing if the redshift of the 
radio galaxy is S> 1. 

7C 1753+6311 

This object has a very unusual spectrum, with very blue 
continuum colours (approximately flat in f v ), but no strong 



emission lines. We have tentatively identified an apparent 
break in the UV spectrum with Lya absorption at 2 = 1.96, 
also consistent with a weak emission feature at 485 nm be- 
ing Hen 164.0. The apparent break may, however, be due to 
a combination of the atmospheric cutoff and low signal-to- 
noise, so the redshift must be considered tentative until at 
better spectrum can be obtained. The EW of the UV emis- 
sion lines must be fairly low for us not to have detected any. 
Indeed the spectrum is much more reminiscent of starburst 
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Figure 5. K image of 7C1745+6624. The image is 93 arcsec 
square, and the position of the identification is marked. North is 
to the top and east to the left. 



galaxies than of AGN, suggesting a starburst may be the 
origin of the blue light; in this case the AGN must be ei- 
ther very weak compared to some of our other z ~ 2 radio 
galaxies or obscured by the starburst. This source also has 
an unusual radio structure (Paper I). 

7C 1756+6520 

The spectrum of this object shows very faint (R « 24) con- 
tinuum throughout the spectrum which is approximately 
constant in fx. There is a marginally-significant emission 
line at 600.5 nm. It is unlikely to be Lya due to the lack 
of any continuum drop shortward of the emission line wave- 
length, and in particular the presence of flux below the red- 
shifted Lyman limit at 450 nm. On the other hand, the faint- 
ness of the continuum emission suggests a higher redshift 
than the 0.6 derived from assuming the line is [On]372.7. 
We have therefore assigned a very tentative redshift of 1.48 
to this object, assuming that the emission line is [Neiv]242.4, 
one of the brightest lines for which we would not expect to 
see bright Lya or [On]372.7 emission in the spectrum. In the 
composite spectrum of McCarthy (1994), this and Cll]232.6 
are comparably bright, but if we assume the line is [Neiv] 
then the Cn] line would be in the dichroic region and there- 
fore quite likely to have been missed. 

7C 1758+6719 

This object was originally identified with a faint optical ob- 
ject approximately midway between two radio components, 
which are 45 arcsec apart (Paper II). We placed our slit 
through both radio components and the optical object. Lya 
and Civ emission were seen from the northern component at 
z = 2.70. We also found a single emission line from the ap- 
proximate position of the southern radio component at 395.2 



nm, which, if Lya, would correspond to a redshift of 2.25. 
The original identification has a single emission line at 665.3 
nm, with a possible second line at 776.4 nm in the sky lines, 
which could correspond to [Oll]372.7 and H7 at z = 0.785. 
HST, MERLIN and VLA imaging and together with further 
optical spectroscopy of this enigmatic radio source will be 
presented in a future paper. 



7C 1802+6456 

A galaxy with strong emission lines at z = 0.69 is seen within 
2-arcsec of the western hotspot. It is probably magnifying 
the hotspot emission via gravitational lensing. 

7C 1804+63 13 

This object has no clear identification. A marginally- 
resolved radio component was discovered in Paper I, but 
subsequent VLA mapping presented in Paper III showed 
that this was just one end of a low surface brightness ra- 
dio galaxy. A spectrum was taken through objects 'a', 'b' 
and 'F' of Paper III, and a further one through 'a' alone; 
all these objects seem to be stars. The most likely identifi- 
cation is therefore probably object 'c' of Paper III for which 
we have yet to obtain a spectrum. 

7C 1805+6332 

The original identification of this object in Paper II was an 
R = 21.1 galaxy 3 arcsec from the line joining the midpoint 
of the radio hotspots. The spectroscopic observations were 
made with the slit placed so as to cover both the proposed 
identification and the midpoint of the hotspots. The result- 
ing spectrum shows that the true identification lies close to 
the midpoint of the hotspots, with the original identifica- 
tion being foreground, with a probable redshift (based on 
Ha in emission and Mgl in absorption) of 0.32. This is an- 
other example of an object which may be being amplified 
by gravitational lensing. 

7C 1811+6321 

This object has a largely featureless red continuum, apart 
from one strong emission line which is taken to be Ha. The 
nearby, unaligned companion galaxy has no spectral fea- 
tures, but has a similar spectral energy distribution to the 
radio galaxy. 

7C 1814 +6702 

This object shows very faint continuum between 615 and 
700 nm. There are two very marginally-detected emission 
line candidates whose ratio of wavelengths is consistent with 
Lya:Silv 140.2 at z = 4.05 or [Neiv]242.4: Mgn at z = 1.53. 
As there is no sign of continuum emission shortward of the 
shortest wavelength emission line candidate we have provi- 
sionally taken the redshift to be 2 = 4.05 pending further 
spectroscopy, although this should probably be considered 
an upper limit on the true value of the redshift. 
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Table 7. Candidate gravitationally-lcnscd radio galaxies 



Table 8. Surveys used to determine flux densities in the NEC 



Name 


^■Source 


^Lcns 


8C1742+637 


1.27 


0.33? 


8C 1743+645 


~1.7? 


0.36 


8C1802+649 


2.11 


0.69 


8C1805+635 


1.84 


0.32 



Notes 

Weak lensing of both hotspots? 
Probable lensing of W hotspot 
Probable lensing of W hotspot 
Lobe is probably lensed 



Frequency 
38 MHz 



Bcamsize 

4.5 x 4.5 coscc 8 ■ 



7C 1816+6710 



This object shows only a single faint, spatially extended 
emission line and faint continuum. We assume the line is 
[On] as there is no sign of a drop in the continuum short- 
ward of the line wavelength. 



7C 1825+6602 

Another object showing only a single, marginally-detected 
faint emission line and faint continuum. The continuum 
emission is approximately constant in fx throughout both 
arms of the spectrum. We have assumed the single emission 
line detected in the blue to be Lya at z — 2.38, but it is also 
possible that this object lies in the z — 1.3 — 1.8 range where 
there are no strong emission lines. The apparent blue contin- 
uum excess shortward of our assumed Lya line is probably 
light refracted into the slit from a nearby star. 



5 GRAVITATIONAL LENSING 

A number of coincidences of foreground galaxies and clus- 
ters with 7C-III and 8C-NEC sources have been noted in 
both this paper and Paper III. The best candidates for lens- 
ing are listed in Table 7, along with source and lens red- 
shifts where known. There may also be others which will 
only become apparent once deeper images or spectra are 
obtained. High redshift radio sources present a large geo- 
metrical cross-section to lensing, particularly when selected 
at low frequency where the extended heads and lobes can 
still contribute significantly to the total flux. Because of this 
large size, however, magnification factors are typically mod- 
est, < 2 and the effect on the luminosity function may be 
fairly unimportant, at least at z 5; 4 (Lacy 1998). Follow- 
up observations of these objects, together with the lensing 
statistics of the samples and their implications will be dis- 
cussed in a future paper. 

Studies of larger samples of high redshift radio sources 
should allow us to investigate the effect of lensing on the 
observed radio luminosity function at high redshift. We will 
also be able to make determinations of mass:light ratios for 
significant numbers of lensing galaxies in the range 0.3 < 
z<l. 



6 COSMIC EVOLUTION OF THE RADIO 
SOURCE POPULATION 

As we have complete samples at both 38 and 151 MHz we are 
able to introduce an important refinement to the study of 
the cosmic evolution of radio sources. All previous studies 
have been limited to samples selected at a particular ob- 
served frequency, which corresponds to different rest-frame 
frequencies depending on the redshift of the radio source. 



151 MHz 70 x 70 coscc <5 arcsec 2 

327 MHz 54 X 54 cosec <5 arcsec 2 

408 MHz 3.4 X 3.4 coscc 5 arcmin 2 

1.5 GHz Ri 20 X 20 arcsec 2 

2.695 GHz 4.5 X 4.5 arcmin 2 

5 GHz variable 



Reference 
Rees 1990 
Lacy et al. 1995 
Rengelink et al. 1997 
Roger, priv. comm. 
Kollgaard ct al. 1994 
Loiseau et al. 1988 
Paper I or Greenbank 



Note: Greenbank fluxes are from Gregory & Condon (1991), or 
Becker, White & Edwards (1991). 

Thus a sample selected at, say, an observed frequency of 
151 MHz is effectively selecting z — 2 sources at 453 MHz. 
Furthermore, all such samples are selected on the basis of 
flux density (S v ) rather than emitted flux. 

Investigating the importance of this effect is hard, par- 
ticularly at low radio frequencies as the K- correct ions are 
uncertain and usually have to rely on an extrapolation of 
the spectrum measured at high frequencies. In the NEC, 
we have the 38MHz fluxes to supply the low frequency 
point for the 151MHz 7C-III sample, and a variety of deep, 
higher frequency radio surveys to derive an accurate radio 
source spectrum from. The surveys used are listed in Table 
8. Note that the comparable or higher angular resolution 
offered by many of these surveys means that confusion of 
source fluxes can be practically eliminated. Copies of the 
Table containing the flux information for the sources listed 
in this paper will be made available over the Internet (www- 
astro. physics. ox. ac.uk/~mdl). 



6.1 Selection of a new complete sample 

We have elected to select our sample based on vS v in the 
rest-frame of the radio source. If we select with a flux limit 
of (f S y5v s )Limit at a selection frequency v s in the rest-frame 
of the radio source, this is equivalent to a limit of 



(l + z 



■S[v a /(l+z)] > ("s SVjLimit 



in the observed frame. We work out S^/fi+z)] using a fit to 
the radio spectrum described below. Cancelling out v s our 
selection then reduces to imposing a redshift- dependent flux 
density limit: 



WO+f)] 
l + z 



— (^Vs)Limit- 



We argue that this is a more physically useful way of 
defining a sample as the selection is based directly on power 
emitted at low frequency rather than on flux received per 
unit frequency. There are of course many alternative selec- 
tion methods one could think of (for example integrating 
the spectrum in the rest frame over some larger frequency 
range), but this criterion has the advantage of being simple 
to implement. For the NEC samples we have used a selection 
criterion of Si 5 i(rest)/(1 + z) > 0.45 Jy, obtaining Si 5 i( rcst) 
from fitting quadratics in log frequency versus log flux den- 
sity to obtain smooth spectra in the range 38 - 4850 MHz. 
The flux density limit of the 8C-NEC sample is S 38 = 1.3 
Jy in the observed frame, comfortably below the limit for a 
z ?a 3 source from the 7C-III sample which has its rest-frame 
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Figure 6. Spectra of 8C-NEC objects not in the 7C-III sample 



Table 5. Log of new spectroscopy of the 8C-NEC radio sources 



8C Name 

8C 1736+650 
8C 1751+676 
8C 1754+631 
8C 1758+676 
8C 1803+661 



Observing date(s) Telescope wavelength range(s) 



19/06/93 
19/06/93 
20/08/93 
04/07/97 
17/06/93 



WHT 
WHT 
WHT 
Shane 
WHT 



330 
330 
330 
330 
330 



850 nm 
850 nm 
900 nm 
1060 nm 
850 nm 



integration 
time (s) /sec 
1200 
3600 
1800 
3600 
1200 



slit width 
/arcscconds 
3 
2 
3 
2 
3 



slit PA airmass 



70 
18 
90 
50 
122 



1.25 
1.29 
1.60 
1.3 
1.26 



151-MHz flux emitted at 38 MHz, namely 5 38 = 2Jy. Ob- 
jects which are bright enough to meet the selection criteria 
for this sample, which we shall refer to as the NEC* sample, 
are marked with an asterisk in Tables 4 and 6. Rest-frame 
151-MHz flux densities and 1-GHz spectral indices are given 
in Table A2 of the Appendix. 

For sources without redshifts, if they lie above the flux 
limits of the sample in the observed frame, 0.5 Jy at 151 MHz 
and 2Jy at 38 MHz, they are counted as being in the NEC* 
sample, and conversely if they lie below both flux limits 
they are not. This test is ambiguous for only one object, 8C 
1808+677. This object has S 3 s = 2.0 Jy and will therefore 



only be included if it is at z > 3; we therefore have excluded 
this object from the sample. 



The resulting sample contains 51 objects, 33 of which 
have a redshifts, eight (3 redshifts, seven 7 redshifts and 
three objects with no redshift information. 



The primary effect of the vS v selection is to remove 
the compact steep spectrum (CSS), objects from the 7C- 
ni sample. These drop out as they often have spectra which 
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Table 6. Results of spectroscopy of the 8C-NEC radio sources 



Ov IN aillC 


7C Name 






Grade 


Emission 


Flux 


VV 1U III 


E cju i va 1 c n t 


Cornments 




(if in 7C-III sample) 








/ 1U VV III 


/kms 


width / nm 




Okj l/OZ-f-OOD 


7C 17324 


-6535 


U.oDO 


CX . 










Jr aper 11 


OKs 1 1 OOtO I O 


7C 17334 


-6719 


1 Szl 

l.O^i 


P 










now member 


8C 1736+650* 






2.40 


a 


Lya 


180 


_ 


_ 














[Neiv] 242.4 


23 


- 


- 






7P 1 7Qft_l 


-D / 1U 


U.loO 


OL 










Paper II 


op 1 7/t i j_f;7n* 


7C 17414 


-6704 




cx 












op 1 7A0-L-A1.7* 


7C 17424 


-6346 


1 97 
l.Z / 


ft 
P 












8C 1743+637* 


7P 1 7/1Q_L 


f.'XAA 


0.324 


a 






_ 


_ 


ID uncertain. 


8C 1743+645* 


7P 1 7A'\_l 


(\A°-.A 
UIOl 


? 


- 






- 


- 






7P 1 7/1Q_L 
PO 1 1 4dT 


-ODoy 


n 979 
U.z / z 












Paper II 


OP 1 7/t f^-L^/l 9* 


7P i 7/1c:_l 
PO 1 / 40-r 




U.O ( o 


cx 












8P 1 7zL^+fizUl* 


7C 17454 


-6422 


1.23 












K95 




7C 17474 


-6533 


1.010 


CX 










rvyo 


8C 1748+670* 


7C 17484 


-6703 


? 












see notes 


8C 1748+675* 


7C 17484 


-6731 


0.56 


a 












8P 1 7^1 -J-fi81 A * 

OV_' 1 / Ol^UOl-ri 


7C 17514 


-6809 


1 ^4 

1.04: 


ft 
P 












op i 7c;i ifiQi p 






? 












no spectrum 








1 42 


7 


nciiiiurt.u i 


Q 
O 


















Mo-tt97Q S? 


9 








HP 1 7M O-f^zLQ* 


7C 17514 


-6455 


Pl 9QA 


cx 












8C 1753+631* 


7C 1753+6311 


1.96 


P 






_ 


_ 










? 












no spectrum 


op i7c:Qj_f;^7* 


7C 1753+6543 


n i Ad 

U. 14U 


cx 














7C 17544 


-6420 


1 no 


ft 
p 












op 1 7f;/l 1 fiQ 1 






1 9*3 
l.ZO 


cx 


p TV 1 Q 


99PI 


OUUU 


zo 














PtttI 1 QPl Q 




UlUU 


9 -1 
Zi 














Mgn 279.8 


130 


7300 


21 




8C 1755+632* 


7C 17554 


-6314 


0.388 


a 












op i 7f;c; i fiQc;R* 
okj 1 ( OO-rDoOij 


7C 17554 


-6830 


Pl 74A 
U. I I't 


cx 












8C 1757+653* 


7C 17564 


-6520 


1.48 


7 












8C 1758+676 






1.31 


p 


Civ 154.9 


55 




18 














Mgn279.8 


6 




5 




8C 1758+655* 


7C 1758+6535 


0.80 


a 












8C 1758+658* 


7C 1758+6553 


0.171 


a 












8C 1758+631* 


7C 17584 


-6307 


1.19 


a 












8C 1758+673* 


7C 17584 


-6719 


2.70 


a 













are flattening towards low frequency. They are replaced with 
extended, steep spectrum objects |^. 

The redshift distributions of the NEC*, 8C-NEC and 
7C-III samples are compared in Fig. 7. As can be seen there 
are no strong dependencies of the redshift distribution on 
the sample selection method. The largest change is seen at 

t Absorption of low frequency emission in our Galaxy is unlikely 
to be causing objects to drop out through spectral flattening at 
low frequency. Kassim (1989) finds that supernova remnants at 
galactic latitudes ft ^ 3° have no evidence for low frequency 
turnovers at 30.9 MHz, although these are common for remnants 
closer to the plane and seen towards the inner galaxy. For compar- 
ison the NEC is at galactic coordinates i n = 96°, ft 11 = +30°, so 
on that basis galactic absorption is unlikely to be significant. Per- 
haps the best argument against galactic absorption, however, is 
that the objects which do show spectral flattening at low frequen- 
cies tend to be CSS sources, where there are plausible physical 
reasons for an intrinsic turnover in the source spectrum. 



2 > 2, where three of the 7C-m high-z CSS sources drop 
out of both the NEC* and the 8C-NEC samples, and one 
extended z > 2 object (8C1736+650) comes in to both the 
NEC* and 8C-NEC samples. 

For comparison with high radio luminosity objects we 
have used similar selection criteria to define a bright sample 
(3C*). This is described in the Appendix. 



6.2 A complete listing of the samples 

In this subsection we present a complete listing of the 8C- 
NEC, 7C-IH and NEC* samples in a single table for ease of 
reference. Object classifications into low-excitation narrow- 
line radio galaxy (LEG), high-excitation narrow-line radio 
galaxy (HEG), weak quasar (WQ) and quasar (Q) follow a 
combination of Jackson & Rawlings (1997) and Willott et al. 
(1998) criteria. For galaxies with [Om]500.7 in the optical 
band (z < 0.7 for most spectra) we have split the radio 
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Table 6. Results of spectroscopy of the 8C radio sources continued 





Na.iiic 


1^ IN dJ.Il €3 


Z 


Grade 


Emission 


r lux 


VV 1ULI1 


Equivalent 






(if in 7C-III sample) 






line 


1 1U VV III 


/klllS ^ 


width/ nui 




1 eni _i_RQn* 
louiTDyu 




1 97 












8C 


1802+649* 


7C 1802+6456 


2.11 


a 










8C 


1803+661* 




1.61 


a 


Civ 154.9 


53 




6 












Hen 164.0 


26 




4 












Cm] 190.9 


19 




3 












[Nciv]242.4 


5 




1 












Mgn 289.8? 


49 


9000 


19 


8C 


1804+664 


7C 1804+6625 


1.91 


a 










8C 


1804+632* 


7C 1804+6313 


? 













broad? 



8C 1805+635* 


7C 


1805+6332 


1.84 


a 




8C 1807+685* 


7C 


1807+6831 


0.58 


a 




8C 1807+687* 


7C 


1807+6841 


0.816 


a 




8C 1808+677 






? 




no spectrum 


8C 1811+633* 


7C 


1811+6321 


0.273 


7 




8C 1813+687* 


7C 


1813+6846 


1.03 


a 




8C 1813+646* 


7C 


1813+6439 


2.04 


a 




8C 1814+670* 


7C 


1814+6702 


0.95 


7 




8C 1814+657 






0.95 


13 


Paper II 


8C 1814+655* 


7C 


1814+6529 


0.96 


(3 




8C 1815+680* 


7C 


1815+6805 


0.230 


a 




8C 1815+682* 


7C 


1815+6815 


0.794 


a 




8C 1816+671* 


7C 


1816+6710 


0.92 


7 




8C 1816+660* 


7C 


1816+6605 


0.92 


P 




8C 1819+658* 


7C 


1819+6550 


0.724 


a 





8C 1821+643A* - 
8C 1821+643B 

8C 1823+660* 7C 1822+6601 
8C 1826+660A* 7C 1825+6602 
8C 1826+651* 7C 1826+6510 
8C 1826+670* 7C 1826+6704 
8C 1827+671* 7C 1827+6709 

Notes: Lincwidths are only given for emission lines significantly broader than the instrumental width (pb 1500 kms -1 at 500 nm for the 
WHT data). Equivalent widths are only given where the continuum is detected at high signahnoise. Asterisks by the names indicate 
members of the NEC* sample defined in Section 9. The redshift grades are a for a firm redshift, (3 for a less certain redshift and 7 for 
an uncertain one, as discussed in Section 4.1. A dash indicates that no redshift could be measured. 



0.298 


a 


0.304 


oP. 


0.37 


a 


2.38 


7 


0.63 


a 


0.287 


a 


0.48 


13 



Literature 2 



galaxies into LEG and HEG classes. LEGs are defined to 
have [Oni]500.7 EW < 1 nm or [Oll]372.7/[Oni]500.7 < 1, 
all other narrow-line radio galaxies are HEGs. "Where [Om] is 
redshifted out of the optical band narrow-line radio galaxies 
are simply classified as NLG pending infrared spectroscopy. 
WQs have at least one broad line observed, but Mb > — 23, 
whereas Qs have at least one broad line and Mb < — 23 in 
unresolved flux. To calculate Mb we have assumed a power- 
law quasar spectrum with an optical spectral index of 0.5 
for consistency with "Willott et al. (1998). 



7 CORRELATIONS OF FRII SOURCE 
PROPERTIES 

A partial correlation analysis on the FRII or probable FRII 
sources from both the 7C-III + LRL and the NEC* + 3C* 
samples confirmed the same main dependences as those 
found for the 7C-I, II, 6C and 3C (LRL) samples studied 
by Blundell et al. (1999), namely that rest-frame spectral 
index at 1 GHz correlates best with radio luminosity, and 
that source size correlates best with redshift (also shown 



in Paper II). Our trends are consistent with those seen by 
Blundell et al., although as our 3C sample is identical the 
results are not completely independent. 

One difference between the 7C-III + LRL samples and 
the NEC* + 3C* samples is the lack of a strong spectral 
index - size correlation in the latter (Fig. 8) . This seems to 
be being driven mostly by the flattening of the spectra of 
the CSS sources. 



7.1 Size evolution 

We show in Fig. 9 the redshift-size relation for FRII sources 
from the 7C-III+LRL and NEC*+3C* samples in two cos- 
mologies. As is conventional we have parameterised the red- 
shift dependence of source size in terms of the inverse scale 
factor (1 + z) as D oc (1 + z)~ v , and in Table 9 we give 
the best-fitting exponents rj for all redshifts and, in the case 
of the NEC* + 3C* sample, for the grade a redshifts only. 
We have also tried adding the three objects without spec- 
troscopic redshifts in, with all redshifts set to either 1.2 or 
1.8, and find there is a small, but not significant reduction 
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Table 9. Complete listing of the samples 





Samples 


z 


grade 


^38 


^151 


it. 


oize 


v_/iass 


IN oiies 










/ 

/Jy 






/kpc 






1 7Q 1 _l_fifi/l 1 
1 I Dl-|-D041 


IC^ TTT 
( O-lll 


U.ODl 


a 


n o 
u.y 


n c;9 
U.Oz 


91 A 
Z1.4 


7 /I 
( .4 


TT-pp 




1 7Q0_l_fi^Q £ 


1^-111, oV_.'-lN _CjO , IN 


U.oOD 


Ot : 


ly.D 


fl 1 7 
0.1/ 


io c 
lo.O 


1 fi7 
10 / 


r\ 
W 




1732+6715 


Temporarily excluded 






6.1 


0.88 








Confused in radio 


1733+6719 


7C-III, 8C-NEC, NEC* 


1.84 


/3 


6.1 


1.55 


22.6 


20.8 


WQ 




1 i OO+00U4 


on TVTTT'P TVTTT'P* 


o a n 
z.4U 


OL 


Z.Z 


n aq 
U.4o 


oq n 
Zo.U 


1 QQ 

loo 


\TT p 






7P ttt QP MPf 1 TS.TTT'P* 

(O-III, H/L/, 1NJ±,L/ 


n 1 cq 


OL 


z.U 


n qo 
U.oz 


10.0 


1 Ol 
1Z1 


T T?P 


r 1x1 


1 i 4U-r004U 


70 TTT 


9 1 n 


OL 


fl Q 


U.04 


OA Q. 


^A 1 
<^4.1 


N'T P 

IN IjVj 




1741+6704 


7C-in, 8C-NEC, NEC* 


1.054 


a 


1.9 


0.72 


22.8 


33.4 


NLG 




1742+6346 


7C-in, 8C-NEC, NEC* 


1.27 





2.5 


0.62 


22.6 


440 


NLG 




1 7/1 Q_l_fi/1 Q1 
1 ( 40+040 1 


7P TTT op Mrrr 1 mitt 1 * 


7 




fi 9 


i.oy 


zo.o 




7 
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7P ttt QP TVTTT'P TVTTT'P* 
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on r: 
oU.O 


T TTP 


ID uncertain 
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7P TTT op TVTTTT 1 MITT 1 * 


fl 979 
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O.U 


i.y / 
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1 ( .4 
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T 1TP 




1745+6415 


7C-in, 8C-NEC, NEC* 


0.673 


a 


2.1 


0.59 


20.5 


44.2 


HEG 




1745+6422 


7C-HI, 8C-NEC, NEC* 


1.23 


a 
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1.41 


21.9 
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1748+6657 


7C-in, NEC* 


1.045 





<0.8 


1.15 


22.4 


2.6 


NLG 




1748+6731 


7C-in, 8C-NEC, NEC* 


0.56 


a 


1.8 


0.64 


19.9 
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7P ttt op MITT 1 MITT 1 * 
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1 O 
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U.oo 


99 Q 


QO fi 

OZ.O 
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1751+6455 


7C-iii, 8C-NEC, NEC* 


0.294 


a 


1.8 


0.65 


17.1 


234 


LEG 




1753+6311 


7C-III, 8C-NEC, NEC* 


1.96 


7 


4.4 


1.06 


22.6 


140 


NLG 
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Table 9. Complete listing of the samples continued 
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Note: the i?-magnitudes are measured in a 63-kpc metric aperture, limits are 3(7. 



(a) 



(b) 



Figure 8. Size vs spectral index for (a) the NEC* + 3C* samples, and (b) the 7C-III + LRL samples. Crosses are 3C* in (a) and LRL in 
(b), filled circles arc NEC* in (a) and 7C-III in (b). Note the larger number of small, flatter spectrum objects in the 7C-III+LRL sample 
compared to the NEC*+3C* sample. 



in r\ of < 0.1. The new selection criteria are effective at 
removing CSS objects, most of which seem to show a flat- 
tening in their spectra at low frequencies, and therefore emit 
relatively low power at 151 MHz in the rest frame. This pro- 
duces a "cleaner" looking correlation, indeed so good that 
we have felt confident using parametric methods to evalu- 
ate the slope of the correlation. The slopes were determined 
using the Estimation-Maximisation method as implemented 
in the iraf task emmethod (Isobe & Feigelson 1990) which 
is able to deal with the size limits in the data by assuming a 
normal distribution for the correlation residuals. As only one 
NEC* and four 7C-III objects had size limits this is unlikely 
to have affected the correlations. 

The correlation slopes for the NEC* + 3C* samples are 
flatter than the Blundell et al. (1999) values. Though this 
is only marginally significant statistically, it is clear from 
examination of Fig. 9 that this effect is due to larger num- 
bers of high redshift CSS sources in the 151-MHz (observed- 
frame) selected samples. The small size of these objects 
(~ 30kpc) means that most of them are probably confined 
by the interstellar medium of the host galaxy, and this high 
density environment will make the conversion of jet kinetic 
power into radio emission particularly efficient. A steep jet 
luminosity function (e.g. Kaiser & Alexander 1998) will then 



lead to them being preferentially included in flux-limited 
samples, particularly at high rest-frame selection frequen- 
cies where their spectra are yet to start flattening. For the 
7C-III sample we obtain slopes very similar to those of Blun- 
dell et al. (probably in part because we use the same LRL 
sample for comparison). We thus find that the dependence 
of radio source size on redshift is fairly weak, with radio 
source size evolving approximately with the scale factor of 
the Universe, (1 + z)^ 1 . In particular the upper envelope of 
the size distribution is very weakly dependent on redshift. 

The trend of decreasing size with redshift has usually 
been assumed to be a straightforward consequence of in- 
creasing environmental density with redshift, combined with 
a finite source lifetime (e.g. Subramanian & Swarup 1990). 
However, the strong selection pressures associated with the 
steep radio luminosity function mean that what is being 
measured is the size at which, for a given redshift, the aver- 
age radio source reaches its maximum luminosity. Hence if, 
as argued by Blundell et al. (1999), high redshift, high lu- 
minosity sources reach their maximum luminosities earlier 
in their lives than low redshift ones due to a combination 
higher inverse-Compton losses and a correlation of injection 
spectral index with radio luminosity, this is also a possible 
explanation. Recently, Kaiser & Alexander (1998) have also 
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Figure 7. The comparative redshift distributions of the 8C-NEC, 
7C-III and NEC* samples. The 8C-NEC sample is the solid his- 
togram, the short-dash the 7C-III and the long-dash the NEC*. 



suggested that if either the lifetimes of radio sources or the 
shape of the density distribution of their environments af- 
fects the powers of the jets they can explain both the epoch 
dependence of linear size and the rapid evolution in the lu- 
minosity function of the FRII population, at least within 
3C. One observational way in which modelling uncertain- 
ties could be addressed is by finding "dead" radio sources 
and estimating their ages; this may be the only way of con- 
straining whether finite source lifetimes are likely to play an 
important role in evolutionary scenarios. 

The influence of the CSS sources in driving the redshift- 
size correlation in flux-density limited samples of FRII radio 
sources could explain why much steeper slopes are seen when 
samples are selected at higher frequency, because these sam- 
ples typically contain substantially larger fractions of CSS 
sources than LRL. The CSS sources could also account for 
the radio luminosity dependence too. The most likely mech- 
anisms for spectral flattening (thermal absorption; Bicknell 
et al. 1997, or synchrotron self-absorption) are both likely 
to be luminosity dependent, thermal absorption through the 
emission line luminosity - radio luminosity correlation and 
synchrotron self-absorption more directly. Kapahi (1989) re- 
moved CSS sources from his study of size evolution, and 
found that the best-fit value of rj was reduced (from 3.5 ±0.5 
to 2.5±0.5) and the dependence on luminosity was weakened 
(e was reduced from 0.4±0.1 to 0.2±0.1). These correlations 
are still steeper than we observe for the NEC* + 3C* sam- 
ple (r) = 1.6 ± 0.3, e w 0), although the errors on the slopes 
both in our study and that of Kapahi's are sufficient for the 
discrepancies to be due to a combination of statistical fluc- 
tuations and the lack of spectroscopic redshift completeness 
in the samples used by Kapahi in particular. 



Table 10. The lgD-lg(l- 
samplcs 

& 7 redshifts 
Cosmology 



z) correlations for the NEC* and 7C-III 



f2 M 



: i, n A = 
o, n A -- 
o.i, n„ 



Correlation exponent, rj 
NEC* + 3C* 7C-ni + LRL 
1.60 ±0.29 2.09 ±0.29 
1.17 ±0.29 1.66 ±0.29 



0.9 1.07 ±0.29 



1.57 ±0.29 



a redshifts only 
Cosmology 



i, n A 
o, n A 



Correlation exponent, rj 
NEC* + 3C* 
1.29 ±0.30 
0.88 ± 0.30 



0.1, H A = 0.9 0.74 ±0.30 
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APPENDIX A: THE 3C* SAMPLE 

To select a bright comparison sample in a similar manner to 
the NEC* sample we used data from two 38 MHz surveys to 
obtain low frequency flux densities for radio sources in the 
sample of LRL, resulting in two different flux density limits. 
In the region covered by the 38-MHz survey of Rees (1990) 
we used S151 ( rC st)/(l + z) > 12 Jy, and in the remainder of 
the northern sky, £151 ( r cst)/(l±-z) > 15 Jy using flux density 
from the 38-MHz survey of Williams, Kenderdine & Baldwin 
(1966) corrected according to Laing & Peacock (1980). Flux 
densities at higher frequencies were mostly obtained from 
Laing & Peacock (1980). The members of the sample are 
listed in Table Al, and those of the NEC* sample in Table 
A2. 

The redshift distributions of the LRL and 3C* samples 
are not significantly different statistically; a Kolmogorov- 
Smirnov test on the two samples gives a probability of 18 
per cent that they are drawn from the same underlying dis- 
tribution. There does, however, seem to be a relative lack 
of high redshift objects in the 3C* sample due to the CSS 
sources dropping out (Fig. Al). 
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(a) 



(b) 



Figure 9. The size-redshift relation (a) for sources in the NEC* and 3C* samples and (b) the 7C-III and LRL samples, plotted for 
Hm = 0.1, S1a = 0.9. Objects in the brighter samples are plotted as stars and objects in the fainter as squares. The dashed lines show 
the best fitting lines from Table 6. 



Figure Al. Rcdshift distributions for LRL (dashed) and 3C* 
(solid). Note that the 3C* rcdshift distribution has been multi- 
plied by 1.7 to normalise to the number of objects in LRL. 
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Table Al. The FRII sources in the 3C* sample with rest-frame 
flux densities at 151 MHz and rest-frame spectral indices at 1 
GHz 
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44.0 




1.1050 


35.7 


1.12 


HEG 


60.0 


3C254 


.7340 


38.2 


0.96 


n 


13.1 




.6563 


28.1 


0.85 




44.2 




.8240 


33.6 


0.90 


HEG 


6.8 




.8108 


44.6 


1.02 


HEG 


78.0 


3C267 


1.1420 


32.6 


0.90 


HEG 


38.0 




.9737 


39.3 


0.64 


HEG 


46.0 


3C274.1 


.4220 


28.7 


0.94 


HEG 


150.0 


O^Z ( 0. ± 


.oo / u 


OU.O 


n Qzi 


m 


io n 
lo.U 


3C277.2 


.7660 


26.7 


0.96 


HEG 


58.0 


3C280 


.9960 


46.0 


0.79 


HEG 


14.5 


3C292 


.7130 


22.7 


0.86 


HEG 


133.0 


3C293 


.0452 


20.5 


0.69 


LEG? 


216.0 


3C294 


1.7800 


45.2 


1.11 


HEG 


15.0 


3C295 


.4614 


98.8 


0.70 


HEG 


5.3 


3C300 


.2700 


29.4 


0.88 


HEG 


100.0 


3C309.1 


.9040 


39.4 


0.76 


Q 


2.9 


3C310 


.0540 


86.3 


1.20 


LEG? 


310.0 


3C319 


.1920 


22.1 


0.97 


LEG 


105.0 
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Table Al. continued 



Name 


redshift 


'-'lSl (rfj 

/Jv 


/ V 1 / 1 T T / . ■ \ 

u lLrnz (rt) 


TvDe 


radio size 
/ arcscc 


3C321 


.0960 


23.7 


0.84 


HEG 


290.0 


3C324 


1.2063 


37.3 


0.93 


HEG 


10.0 


3C326 


.0895 


26.3 


0.84 


LEG 


1190.0 


3C325 


.8600 


27.6 


0.80 


O 


16.0 


3C330 


.5490 


48.4 


0.77 


HEG 


62.0 


3C334 


.5550 


25.3 


0.95 


O 


58.0 


3C349 


.2050 


20.7 


0.79 


HEG 


82.0 


3C351 


.3710 


21.5 


0.75 


O 


65.0 


4C1 3 66 


1.4500 


40.2 


1.07 


HEG 


6.0 


3C368 


1.1320 


41.6 


1.24 


HEG 


7.9 


3C380 


.6910 


127.1 


0.83 


O 


20.0 


3C381 


.1605 


21.0 


0.76 


HEG 


69.0 


3C382 


.0578 


27.6 


0.74 


WQ 


189.0 


OvOOO 


.0908 


33.5 


0.84 


HEG 


43.0 


3C390.3 


.0569 


62.4 


0.77 


WQ 


215.0 


3C401 


.2010 


29.3 


0.84 


LEG 


24.0 


3C427.1 


.5720 


49.4 


0.99 


LEG 


23.1 


3C436 


.2145 


26.3 


0.89 


HEG 


104.0 


3C438 


.2900 


68.9 


1.02 


HEG 


22.0 


3C442A 


.0263 


26.3 


0.99 


LEG 


590.0 


3C452 


.0811 


73.5 


0.89 


HEG 


250.0 


3C457 


.4270 


23.4 


1.03 


HEG 


190.0 



Willott C.J., Rawlings S., Blundell K.M., Lacy M., 1998, MN- 
RAS, 300, 625 
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Table A2. The FRII and probable FRII sources in the NEC* 
sample with rest-frame 151 MHz flux densities and rest-frame 1 
GHz spectral indices 



Name 


rcdshift 


^151 (rf) 


a lGHz (rf) 


radio size 






/Jy 


/ arcsec 


173z+booo 


0.856 


9.87 


0.82 


20.0 


1 7 oo+o r iy 


1.84 


/i /ic 

4.4b 


0.87 


2.5 


1 ( ob+bOU4 


o An 
Z.4U 


o oc; 

Z.ZO 


1 OQ 

l.Zo 


1 7 O 
It .V 


1 /41+bf U4 


1.054 


1.23 


0.96 


3.9 


17/IO i £; O /I ft 

1 /4z+bo4b 


1.27 


1.41 


0.97 


51.0 


17/10 1 ft Q /I /I 

1 /4o+bo44 


0.324 


1.79 


0.83 


14.0 


17/10 1 C/IQ1 

1 /4o+b4ol 








45.0 


1 7/i o i ftft on 


0.272 


2.39 


0.71 


50.0 


1 7/1 e: i ft/i 1 cr 
1 ( 40+b410 


n S7Q 
U.b i o 


i nn 
l.UU 


O ftO 

u.by 


K ft 

o.b 


1 7/1 C 1 ft /I OO 

1 ( 4o+b4ZZ 


1.23 


3.27 


0.95 


16.0 


17/17 1 CCOQ 

1 /4/+booo 


1.516 


5.80 


0.85 


n 7 
U. t 


1 7/1 Q 1 C7fl'! 

1 /4o+b rUo 








14.0 


1 7/1 Q 1 ftft e: 7 

1 /4o+bbo < 


1.045 


1.24 


0.42 


0.3 


1 7/1 Q 1 ft70 1 

1 /4o+b/ol 


0.56 


0.91 


0.78 


108.0 


1 7c;i i ftcnn 

1 t oi+bouy 


1.04 


1 ftO 

l.bo 


O 77 

U. it 


o o 
Z.U 


1 /ol+b/41 


1.43 


1.13 


1.39 


3.8 


17CC1 I ft A ELK 

1 /ol+b4oo 


0.294 


0.86 


0.79 


43.0 


i 7ro i col 1 

1 /oo+boll 


1 

i.yb 


3.16 


o nft 

u.yb 


1 7 O 

17. U 


i 7ro i CCT/IO 

1 /oo+bo4o 


0.140 


1.93 


0.67 


84.0 


1 i a a on 
1 f 04+b4ZU 


1 no 


n on 

u.yy 


O OQ 

U.oo 


1 c o 
10. U 


l / oo+booU 


n 7/1 a 
U. 1 44 


1 07 

i.y i 


O Q7 

U.o t 


Q O 

o.y 


1 /ob+bozu 


1.48 


1.48 


O 70 


A ft 

4.b 


1 7^Q i sc;qc; 
i i oo+booo 


n on 
U.oU 


1 Q1 

l.ol 


O 7 A 

U. / 4 


1 Oft o 

lUb.u 


1 t oo+booo 


0.171 


1.54 


0.90 


115.0 


1 7^Q I ft0O7 


i in 


o on 


O Q1 

U.ol 


A 

o.4 


1 7K Q I C71 n 

1 /oo+b r iy 


2.70 


1.91 


0.85 


45.0 


ioui+byuz 


1 07 

1.2 t 


2.75 


0.97 


21.0 


i ofiO 1 ft /I e: 

loUz+b4ob 


2.11 


6.67 


1.03 


26.0 


1 ono i ftftn c 
loUo+bbUo 


1.61 


1.30 


1.07 


36.0 


loU4+uolo 








on o 

zy.u 


1 one; i soon 
loUO+booZ 


l.o4 


c;n 
O.OU 


O nft 

u.yb 


1 A o 
14. U 


loU ( +bool 


n etq 
U.OO 


07 

o.Z / 


O Q A 
U.o4 


on o 

zy.u 


1 OH7 I ftO A 1 

loU ( +bo41 


u.oib 


i on 

i.uy 


O CO 

U.oZ 


1 o o 
1Z.U 


1 Q1 1 I fiQOI 

loll-l-boZl 


n 070 
U.Z I o 


1 1 o 
1.1Z 


O Q7 

U.o t 


ECO o 

OZ.U 


1Q10 1 ftQ /I ft 

lolo+bo4b 


1 no 


O ft7 

z.b / 


O OQ 

U.oo 


eco o 
OZ.U 


ioio i ft /i on 
lolo+b4oy 


2.04 


1.58 


1.07 


38.0 


1 Q1 A 1 ft7flO 

lol4+b < UZ 


a nc; 
4.U0 


1 O OQ 

iu.yo 


O OQ 

u.yo 


1 c o 
lo.U 


1 q i a i ft cc on 
lo!4+bozy 


0.96 


O A A 

Z.44 


1.02 


126.0 


1815+6805 


0.230 


2.50 


0.91 


50.0 


1815+6815 


0.794 


2.12 


0.93 


200.0 


1816+6710 


0.92 


3.00 


0.75 


27.0 


1816+6605 


0.92 


2.24 


0.93 


1.9 


1819+6550 


0.724 


1.71 


0.73 


8.5 


1822+6601 


0.37 


1.29 


0.81 


52.0 


1825+6602 


2.38 


2.72 


0.83 


<1.0 


1826+6510 


0.63 


1.91 


0.83 


34.0 


1826+6704 


0.287 


0.71 


0.75 


19.0 


1827+6709 


0.48 


1.45 


0.85 


17.0 
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